The first experimental measurement of vorticity and vorticity flux in a fusion device is an important achievement since vorticity plays a key role in the transport of energy and particles in plasmas and fluids. The measurements were performed in the plasma edge of the small tokamak ISTTOK, with an array of Langmuir probes, specifically designed for the purpose, allowing for the first time a direct comparison with theoretical models.
The radial transport of particles and heat in the scrape-off layer (SOL) of magnetically confined plasmas is generally found to be turbulent and dominated by the motion of field aligned filaments, appearing as blobs in the plane perpendicular to the magnetic field, with a radial velocity component being a significant fraction of the acoustic speed.
This turbulent radial transport is believed to be the cause of the experimentally observed broad particle density profiles [1, 2, 3, 4] , and large relative fluctuation levels throughout the SOL. These features strongly influence the level of plasma-wall interactions. The radial motion of a pressure perturbation initially at rest develops a dipolar structure in vorticity and electrostatic potential fields forming a radial propagating blob, in blob models of the interchange instability type [5] . The blob accelerates and develops a steep front and a trailing wake (the latter is a characteristic feature of all experimental probe measurements). The importance of energy and moment transfer between flows and turbulence in fusion plasmas is a topic that has increased in importance recently [6, 7, 8, 9] and the simultaneous existence of multiple scales in turbulence and fluctuations was observed [10, 11] . Vortex formation, in regard to structure formation, transport phenomena and turbulent flows in plasmas have been attracting much attention, and there is an increasing necessity to measure the vorticity experimentally, which is a local measure of the circulation of the velocity field at every point in the plasma fluid. Vorticity is a primary physical quantity in fluid plasma equations [12, 13, 14] . Vorticity is known to play a key role in the transport of energy and particles in plasmas and fluids [15] . The common feature of these models, the rate of change of vorticity, has its origin in the divergence of the plasma polarization current that provides the main perpendicular part of the charge balance in the quasineutral plasma. Therefore, measuring vorticity is essential for the validation and quantitative understanding of these models. To measure it reliably has led to significant effort in fluids studies, where hot-wires and laser anemometry have been used since long, allowing to measure threedimensional vorticity [16, 17] , coherent structures [18] , turbulent energy and temperature dissipation rates [19] . In fluids, vorticity is constructed from velocity field measurements using, for example, particle image velocimetry [20] . This construction is prone to inherent errors in the numerical schemes used in calculating an estimate of the curl of the velocity field.
Assuming that the plasma stream function is the electrostatic potential, which can be measured directly by suitable Langmuir probes, gives a unique advantage to the measurement of vorticity in plasmas over the measurement of vorticity in complex fluid dynamics. In spite of the strong scientific interest, experiments dealing with the dynamics of vorticity are rare. In [21] experiments on the propagation and structure of plasma filaments are described as they move across a magnetic field in a gas of neutral particles. Probe arrays were used to observe the characteristic mushroom shape and the internal electrostatic structure of the blob. Recent vortex observations were made in Argon plasmas in the High-Density Plasma Experiment (HYPER-I) [22, 23, 24] using directional Langmuir probes [25] to measure the flow vector field. Recently, a 7-tip Langmuir probe for vorticity measurements has been used at the Large Plasma Device at UCLA [26, 27] to the characterization of vortices in the Kelvin-Helmholtz instability and to characterize coherent structures driven by near steady-state shear-flows. Also experiments in the Controlled Shear Decorrelation Experiment, a 2.8 m long linear helicon plasma device, [28] determined that collisional electron drift wave turbulence generates drift wave packet structures with density and vorticity fluctuations (measured with a 3x3 probe array [29] ) in the central plasma pressure gradient region of a linear plasma device. Nonlinear energy transfer measurements and time-delay analysis confirm that structure absorption amplifies the sheared flow. In this work it is stated that similar mechanisms likely operate at the edge of confined toroidal plasmas and should lead to the amplification of sheared flows at the boundary of these devices as well.
In a turbulence the formation and motion of vortical structures gives rise to a density flux, due to the density perturbation associated with the structures. It was shown that the flux connected with higher order drifts (higher than ExB drift), as the nonlinear polarization drift, is directly linked to the motion of the vortex structures [30] . The polarization drift even if it is small compared to the ExB drift, leads to a transport component which can be large. Most important, it causes most of the large transport events. This effect is further related to the Reynolds stress, which is made responsible for the appearance of radial electric fields in the plasma and generation of poloidal flows. The first evidence of the importance of Reynolds stress in turbulent fusion plasmas was found in ISTTOK tokamak using a Langmuir probe array [31] . Moreover, the vortex structures not only transport particles, they carry polarisation charge and can be able to organize large-scale potential differences inducing flows perpendicular to the background density gradient. These zonal flows [32] play an important role in the formation of transport barriers.
In this paper the measurements obtained from a specifically designed array of Langmuir probes, are presented. Experiments were carried out in ISTTOK [33] , is a small The sixth tip was biased at a fixed voltage in the ion saturation current regime IS. The radial electric field was estimated from floating potential signals measured by radially separated probes (i.e., " 2 = ( " (3 − " (0 )/Δ ) oriented with respect to the magnetic field direction to avoid shadowing [36] . We assume the fluctuations of the ion saturation current in the SOL to be proportional to density fluctuations 6 [37] . The associated turbulent flux is computed using Γ 8×: ≅ 〈 6 " # 〉/ [38] under the assumption that the electron temperature fluctuations are negligible [39] . Particular care was taken to only use data from steady state plasmas, in order to guarantee meaningful statistics. Flux Surface (LCFS) was observed previously in tokamaks [41, 42] , stellarators [43] and reversed field pinches [44] . The particle flux is depicted in Fig 3b. Its profile shows a maximum in the region just inside the LCFS as typically observed in fusion devices.
The profiles of the skewness and kurtosis of the particle flux show a value closer to a Gaussian in the region of the shear layer (Figures 3c and 3d ). This reduction is expected as result of the decorrelation of the transport events due to the shear effect. Although there are not many results showing the radial profile of turbulent transport at the plasma edge, measurements at RFX have shown a maximum of the turbulent transport close to the shear layer and a reduction at the plasma edge [45] . Poloidal asymmetries could explain the negative transport on ISTTOK, however other interpretations are also valid as for example the formation of collective cells as the ones observed in TJ-K/HSX [46] .
In [47] it was shown that electrostatic Reynolds stress term (Re) dominates the particle flux. This term was determined by Re = 〈v 6 S v 6 T 〉 [48] . The 〈v 6 S v 6 T 〉 term of the Reynolds stress tensor can be related to the ExB velocities, 〈v 6 S v 6 T 〉 ∝ 〈E V S E V T 〉 , E V S and E V T being the radial and poloidal components of the electric field, respectively. where E V T is the mean value of " #$ and " #0 . In this way the poloidal and radial components of the probes. Figure 4a shows the 〈 6 2 6 # 〉 radial profile, which exhibits a radial gradient in the proximity of the velocity shear layer location. Similar measures were made on ISTTOK in the past showing that this mechanism can drive significant poloidal flows in the plasma boundary region [50] . Figures 4b and 4c show the radial profile of the vorticity and of the vorticity flux respectively. It was observed that the vorticity is constant in the SOL and limiter region but in the plasma edge, where the ExB shear flow is higher a larger dispersion is observed in the vorticity measurements (as well as on the measured poloidal velocities observed in fig. 3a ) and the profile shows a peak at position -15 mm and inverts its sign at the position -20 mm. The observed dispersion is not unexpected as theoretical models have predicted that the magnitude of the shear layer leads to selectivity of the vorticity [51] . In this work it was shown that in the absence of the sheared flow, the axial (perpendicular to the plane) vorticity field would be rather homogeneous and isotropic while a sheared flow carries an associated constant axial vorticity that is added to the background vorticity. The vorticity flux is positive in the plasma edge and decays to close to zero (or even negative) towards the limiter region. In [52] it is shown that for ExB-dominated turbulent flows which have azimuthally invariant fluctuation statistics, the Taylor (Fig. 5c and 5d ) and kurtosis ( fig. 5e and 5f) also clearly show a strong decrease at the shear layer location where the velocity shear is higher.
Plasma density fluctuations and electrostatic turbulent fluxes measured at the scrapeoff layer of the Alcator C-Mod tokamak [55] the Wendelstein 7-Advanced Stellarator [56] , the TJ-II stellarator [57] and JET [57] are shown to obey a non-Gaussian but apparently universal (i.e., not dependent on device and discharge parameters) probability density distribution (PDF). It has been reported that density fluctuations are distributed according to non-Gaussian probability density functions [58, 59, 60, 61] and that the associated turbulent fluxes seem to be approximately self-similar (i.e., invariant under rescaling) over a range of scales, larger than the characteristic turbulent scales [62] . In [63] was reported experimental evidence showing that fluctuations of the density and the flux in the SOL of tokamaks and stellarators tend to adopt a canonical shape, which acts as an attractor for the PDF. The fact that a specific nontrivial universal shape acts as an attractor for the PDF seems to suggest that emergent behavior and selfregulation are relevant concepts for these fluctuations. The results presented in [63] are consistent with radial transport being dominated by large-scale density structures (blobs). Self-similarity in the probability density function of turbulent transport in the edge plasma region, with a rescaling parameter dependent of the level of fluctuations described in [64] . Figure 6a shows the pdf of the turbulent flux normalized to its signal level (Root Mean Square, RMS) for the different radial locations. The PDFs show some degree of self-similarity. It is interesting to note that the self-similarity also holds for the PDFs of the Reynolds stress, vorticity and vorticity flux (figures 6b to 6d, respectively) when the time series are normalized to the corresponding signal level although in these cases the tales of the distribution show some scattering likely due to a reduced number of events larger than several RMS. The self-similarity observed in ISTTOK seems to indicate that there is no morphological change in the coherent structure in the plasma boundary region and that the fluctuation in these quantities can be described by a probability distribution that tends to a universal shape. The vorticity PDF (Figure 6c ) is non-Gaussian, showing a fat tail typical of strongly correlated systems, and slightly asymmetrical towards the large scale positive vorticity events implying the existence of large intermittent coherent structures. Among various nonGaussian distributions that emerge from consistent thermodynamical and statistical frameworks [65, 66, 67] , q-Gaussians, based on the so-called non-extensive statistical mechanics introduced by Tsallis [68] , are appealing for their simplicity. Many experimental measurements of distribution functions of particle systems and other physical quantities can be described by non-Gaussian distributions. Q-Gaussians have been employed in the study of probabilistic models [69] , space plasmas [70] , earthquakes [71] and the solar wind [72] . The q-Gaussian distribution is specified by the
For 1-(1-q)(x/x0) 2 ³0 and pqg(x)=0 otherwise. Figure 7 shows the probability distribution The experimental study of vorticity is an important achievement in the plasma studies, since it is known to exist in turbulent plasmas, and allows direct comparison with theoretical models. The results show no morphological change in the coherent structures in the plasma boundary region and that the fluctuations in the Reynolds stress, vorticity and vorticity flux can be described by a probability distribution that tends to a universal shape. It was shown that the probability distribution function of the vorticity can be fitted by a q-Gaussian distribution typical of a non-equilibrium process. The similarity of transport mechanisms during ELMy H-mode and L-mode previously observed in [47] make these results also highly relevant. Future work will focus on performing polarization experiments on ISTTOK to study the effects of the ExB shear in the vorticity, the comparison of the result with numerical simulations, such as 2D numerical turbulent interchange model HESEL [73] and GBS code [74] and on performing similar measurements in larger fusion devices to allow direct comparison between L and H-mode. 
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